INTRODUCTION
A number of reports in the literature have characterized the clinical relevance of genetic variations on therapeutic response and outcomes to drugs. [1] [2] [3] [4] [5] [6] [7] These and other reports support the general belief that genetic testing could be used to improve patient therapy. [8] [9] [10] The urgency of moving in this direction has been further underscored by reports that adverse drug reactions add billions of dollars per year to our health care bill, and that over 100 000 patients per year may die from taking prescription medications properly. 11, 12 This has convinced many researchers that genetic tests could improve how drugs are selected and prescribed to patients, and that such tests should become clinically available for this purpose within the next 10-20 years. Beyond the ethical and legal questions surrounding genetic testing, the clinical use of patient genomic information to improve therapeutic treatment often ignores the most fundamental question about this technology-is it cost effective?
The clinical implementation of genomic testing hinges on answering a very simple question: 'Under what condition(s)/situation(s) are the savings provided by a pharmacogenomic test greater than the cost of genetic testing?' The answer to this question requires two pieces of information: (1) the cost of performing a genetic test; and (2) the savings that could be realized if genetic testing were employed in place of current clinical methods. When the savings realized are greater than the cost of performing the test, it makes economic sense to apply pharmacogenomic testing. If pharmacogenomic testing had been proven to save money by now, it would already be a routine clinical tool. It is the lack of adequate data to answer this simple question that has delayed the introduction of pharmacogenomic testing into therapeutic practice.
There is a progression of steps that must be followed to both understand when and how to perform a cost analysis of pharmacogenomic testing. This starts with a description of where genetic testing has already been shown to be cost effective and why, and proceeds by defining the elements that are required before one can begin to apply similar efforts to a cost analysis of pharmacogenomic testing. There must also be an appreciation for the size of the savings that pharmacogenomic testing must generate in order to be a cost-effective tool. Equally important is the need for researchers to understand that such studies must be performed not in selected populations, but in the routine clinical environment. Finally, there are many different approaches to cost analysis, but one must distinguish between what is ideal and what is practical. It is hoped the following points and ideas will stimulate discussion in this area and help focus attention on what needs to be done to move pharmacogenomic testing from the bench to the bedside.
GENETIC TESTING THAT IS COST EFFECTIVE
Genetic testing has made some clinical in-roads, notably in areas where it is cost effective to implement. For example, delays associated with culturing and the difficulty in culturing certain pathogenic organisms increase clinic and patient care costs to the point where genetic testing provides a cost-efficient means for improving the efficiency and response times of microbiology lab services. 13 It has been estimated that genetic testing can more quickly identify Mycobacterium tuberculosis and its resistance at a London hospital and could save the hospital $70 000-$210 000 per year relative to the current conventional methods for M. tuberculosis identification. 14 Similarly, detection of herpes simplex virus, Chlamydia and Neisseria gonorrhoeae by polymerase chain reaction (PCR) based genetic tests is considered cost effective relative to other clinical methods. 15 Genetic testing has been embraced because it has been shown to provide an obvious monetary and practical benefit not provided by any other techniques.
THERAPEUTIC AND ECONOMIC ISSUES SURROUNDING ROUTINE PHARMACOGENOMIC TESTING
Most studies of human genetic variation have focused on how a specific genetic variation or set of variations affects therapeutic outcomes. [1] [2] [3] [4] [5] [6] [7] Genomic variation must have a well defined therapeutic relevance before its impact on health care costs can be addressed (Table 1 ). There is a natural progression to first define the therapeutic importance of a genomic variation followed by its economic impact. The economic impact requires information on two additional factors: (1) the cost of performing the pharmacogenomic test; and (2) the savings provided by the pharmacogenomic testing.
Advances in genetic testing by PCR methodologies have significantly affected genetic testing expenses which reportedly range between $80-$250 per sample depending on the lab, precise techniques and number of alleles and genes being tested.
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Table 1 Factors affecting the therapeutic and economic relevance of pharmacogenomic variability
A genomic variation will have therapeutic relevance when ALL the following criteria are met:
(1) Genomic variation affects the expression, level and/or function of the final gene product. (2) There is an established relationship between the genomic variation and therapeutic response and/or outcome. (3) The genomic variation affecting therapeutic response and/or outcomes are of clinical importance and their effects can not be more easily assessed by some direct clinical or paraclinical measurement.
A genomic variation may have economic relevance if one or more of the following are met:
(1) Genomic variation affects length of in-patient stay or likelihood of hospital admission when patients prescribed certain drug(s).
(2) Genomic variation affects number of clinician visits when patients prescribed certain drug(s). (3) Genomic variation affects clinical lab services when patients prescribed certain drug(s). (4) Genomic variation affects use of ancillary health care services when patients prescribed certain drug(s). (5) Genomic variation affects the cost of drug therapy by its effect on the use or effectiveness of drug therapy and/or treatment outcomes.
Unquestionably, lower per sample costs are possible with higher throughput and more automated testing systems, 15, 19 but the cost of labor, overheads, equipment depreciation, supplies and profit must still be factored into this equation. Realistically, genomic testing by most clinical labs is not likely to fall much below about $50 per test in the immediate future, and is more likely to remain near $100 or so per sample in many clinical labs. The current trend is to test for multiple variations in a given gene and multiple genes that can affect therapeutic response, 7, 8, 16 and this trend adds to the cost of genetic testing even as testing methods improve. Thus, the actual clinical cost of genomic testing will probably remain within a range of between $50 000-$250 000 per 1000 samples tested, with the actual cost hovering close to $100 000-$150 000 per 1000 samples tested over the short term in spite of improved efficiencies in genetic testing methodologies.
The other piece of information needed is whether the savings provided by pharmacogenomic testing services will justify this expense. To answer this question, one must first ask: 'What is the cost of a genetic variation?' There have been only limited efforts to address this outside the realm of monogenetic diseases and diseases associated with known environmental agents producing disease. 17, [20] [21] [22] [23] Disease has a much better defined cost range than therapeutic complications, and because most diseases are not cured, one can extrapolate expenses to get life-time cost estimates for the dis-
The Pharmacogenomics Journal ease. One cannot do this for therapeutic complications. However, it was recently reported that psychiatric inpatients deficient in CYP2D6 enzyme expression cost on average $4000-$6000 more per year to treat than patients who express this enzyme when prescribed drugs that are metabolized by the CYP2D6 enzyme. 24 This translates to an estimated $112 000-$168 000 per year in added health care expenses at this psychiatric hospital directly related to this single gene polymorphism. Unfortunately, this estimate was based on a population size too small to prove that pharmacogenomic testing would save money.
ADDRESSING THE SAVINGS FROM PHARMACOGENOMIC TESTING
There are many factors that must be taken into account to characterize the cost analysis of genomic testing, 25 and the precise approach must consider the specific patient population and genomic variation being evaluated. Ultimately, the average savings (S) generated per affected patient by a pharmacogenomic test must be greater than the unit cost (C) of performing the test and the frequency (F) of the genomic variation being tested in the patient population based on equation 1:
This implies that a genomic variation that is infrequent in the population must either be associated with a low cost of detection, or a very large saving in order to justify its routine determination in clinical practice. This condition is what has limited the broader and more routine testing for genetic variations responsible for monogenetic diseases.
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The direct annual health care savings associated with pharmacogenomic testing is affected by four major factors ( Table 2 ). The total savings can never be accurately determined for most pharmacogenomic tests since these will accrue over the lifetime of a patient, and there is no simple way to accurately define lifetime exposure of a patient to various therapeutic agents. There is also no way to accurately assess the actual annual savings generated by pharmacogenomic testing without performing a study for this purpose in a patient population. It may be possible to obtain estimates for the type and size of the patient population affected. It may even be possible with some genomic variations to anticipate the severity of the therapeutic complications and/or outcomes. However, it will never be possible to accurately define the resultant costs or the ability to apply pharmacogenomic testing in clinical practice without performing these studies in a routine clinical environment.
PATIENT SELECTION FOR STUDIES OF SAVINGS ATTRIBUTABLE TO PHARMACOGENOMIC TESTING
Attempting to extrapolate highly controlled clinical studies to the routine patient population is dangerous and misleading. For example, the absence of a metabolic enzyme may not be associated with any major complication in a patient who only receives a single drug. However, this same drug may produce toxicity when that patient is exposed to two or more drugs concurrently, 26 a common practice in routine clinical settings. Alternatively, single dose studies may not predict the real therapeutic relevance of genomic variation when patients are treated chronically with drugs due to non-linear kinetics, tolerance and/or compensatory homeostatic mechanisms. The goal in performing a cost analysis of pharmacogenomic testing is not to optimize the detection of a clinical difference between genetically distinct groups, it is to define the true clinical relevance of the genomic variation. To accomplish this objective, clinical studies must be performed in the actual clinical environment(s) in which the pharmacogenomic test is likely to be used. Unfortunately, this point is not well appreciated or understood by very many researchers. Most studies that attempt to describe the therapeutic importance of pharmacogenomic variations are based on research that has little or no relevance to routine clinical practice. Often patient selection and/or the study design are not reflective of the real clinical environment, but are designed primarily to optimize the potential for detecting a significant difference between two genetically distinct groups. If pharmacogenomic testing is to move from the bench to the www.nature.com/tpj bedside, it will require addressing its therapeutic relevance at the bedside.
METHODS FOR COST ANALYSIS OF PHARMACOGENOMIC TESTS
There are a number of different methods that have been used to assess the value of clinical procedures. 25 Standardized methods have been promulgated by the Panel on CostEffectiveness in Health and Medicine. [27] [28] [29] In brief, to demonstrate a clinical procedure is cost-effective requires the procedure be evaluated in the patient population in which it will be used, and that its cost, relative to the length or quality of life, is reasonable (typically less than $50 000 per year of life gained or quality adjusted life year). 25, 30 Cost-effective analysis measures the outcomes relative to a group receiving a standard treatment. Cost-benefit analysis defines the dollar benefit of a treatment, and divides that benefit by the cost to provide it. When the benefit/cost Ն 1 it is considered cost-effective to provide the treatment. The criticism of cost-benefit analysis is that it ignores clinical procedures that may improve the quality or length of life, but do not provide any direct measurable savings. 25 However, a costbenefit analysis is important to those who pay the bills.
The cost of performing cost analysis research is a major factor hindering the execution of these studies. For this research, there must be two randomized groups-patients who receive standard therapy, and patients where the treatment is based on the additional clinical information provided by a pharmacogenomic test. Some objective or subjective measurement must be used to quantify the outcome of applying or not applying the results from a pharmacogenomic test. When the outcome measured is in dollars, the analysis is a cost-benefit analysis. When the outcome is measured by more subjective measures it is a cost-utility or cost-effectiveness study. An easier and less expensive approach to determining if pharmacogenomic testing has the potential for providing value to therapeutics is by initially defining the cost of care for patients with and without a particular genomic variation. Cost comparison studies provide an estimate of the maximum potential savings that may be realized by pharmacogenomic testing. The true savings will depend on the extent to which the pharmacogenomic test can be applied in clinical practice to avoid the therapeutic complications and costs attributed to the genomic variation. The advantage of cost-comparison studies is the much lower expense associated with performing them. Unlike other cost evaluations that require comparing costs and outcomes in a control and treatment group, a cost-comparison only requires evaluating the difference in costs between the different genomic groups. Randomization is not necessary provided the population is of adequate size and is selected from all patients receiving standard therapy.
CONCLUSIONS
Assessing differences in the cost of treating typical patients with different genotypes provides a simple answer to the question: 'What is the cost of genomic variation?' If that cost is greater than the cost associated with pharmacogenomic testing, it makes economic sense to consider applying the genomic testing to therapeutics. Without any information about the difference in cost of treating patients with specific genomic variations, it is impossible to know if pharmacogenomic testing is just a useful research method or a practical clinical tool. Scientific and lay journals have proposed that new genetic technologies will be used to individualize therapy in 10-20 years. If pharmacogenomics is to become a great therapeutic tool for individualization of patient care in the 21st century, a key element in its rise to prominence must be a demonstration for health providers of its economic value. 
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